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CKM matrix

The CKM matrix relates weak with strong eigenstates. In the
Wolfenstein parametrization (to O(€7)),

2
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where r—:rgi-'—g | ﬁ:hgi-'—g

CP violation arises from the irreducible imaginary phase of
Vv » because it’s 3x3 (3 generations)
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Ve Isunitary, i.e. VV*=I b 6relationsof V;; =0
For example, V ,V,, t+Vy4Vy +VyVy =0

P A “Unitarity triangle” in the n-¢ plane (V @1, V= 1) :

Unitarity triangle

(0.) Processes w/ small theoretical uncertainties:

% - Process Experiments

i i } % B(K* — ntup) ET8T/E949, FNAL-E921
E’ 2 % 2 B(K{— ") KOPIO, E39la
ES, . A(B— J_,a"-L-':I{E_-} BaBar, Belle
H'-_mnyp e - CF violating decay rate asymmetry
x AMg, /AMp,  CDF, D0, LHCb, BTeV
¥ & (8 -0 Fslo of mixing frequencies of By and By mesons
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M easur ements of unitarity triangle

LVl IVl © tree-level semileptonic B decays

“"“ | ] IVl :AM,J AM, & K*® &*iT
am &am, ; : :
=E - Sin2a (& 28) : CP assymetry in hadronic B decay
4 | r AB,® Yo ED) &

g Eunslopdned BR(K*® &*iT)/BR(K'® &'iT)

8, comes from CP violation in the K sector

=1

A better determination of V., from K*® 61T will provide a
sensitive test of the SM by comparing the results from the K
and B sector and probe new physics
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[heSM K*® o'If BR

* All processes at 2" order
« Main contribution of t in the loop (u & ¢ cancel by GIM mechanism)

 Very theoretically “clean” calculation (precision < 5%, uncertanties
mainly from c sector)
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The measurement, backgrounds

* 3-body decay w/ 2 missing particles: O£ p,, £ 227 MeV/c b
Signal: 6* + nothing , backgrounds vetoed ~ 10-1* !
* Need
o particle identification (PID)
e all other charged particles vetoed < 103
» redundant precise kinematic measurements

e LB
s et 204 Decay B PID | veto
@ P K+ — nta® 0.21 2 v Vv
g @" Kt - ptv 0.63 v -
> N K+ — putvy 0.005 | | v
= ﬁ Kt = a%uTv 0032 | + | VvV
= 1 |2 Kt — nlety 0.048 | / | v/
IR K* = nta—xt | 0.056 - Vi
N\

20 100 120 200 2530 300
Mormentumn (MeV /c)
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R (cm)

10 b

M ore on backgrounds

| - - |
120 140 160 180 200 220 240 260 280
P (MeV/c)

Decay product (8* or 1*) range in scintillator vs momentum:
* 2-body decay peaks
» 3-body decay bands

o scaterring tails
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[ he beam
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» The AGS extracts ~ 65 10*? protons at 22 GeV/c momentum over a2.2 sec
spill, every 5.4 sec.

» They are shot on platinum target and particles produced ~ 0° are sent to the
Low Energy Separated Beamline (LESB I11), where K* are electrostatically
separated from 6+ and focused

 Finally inthe E949 target, ~ 3.5" 10° K*/spill arrive and stop, with aratio of
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The measurement w/ E949 detector

Upstream = Layer # Downstream

- [« |ncoming 700MeV/c beam K*:
1 \ identified by ckov, WC, scint. hodoscope
U e T e *(B4). Slowed down by BeO and AD
e} g B Dowsremn” [< SIOPS & decays at rest in scintillating
{ fiber target — measure delay (2ns)

i e e e S T e Outgoing o* : verified by IC, VC, T
counter. Momentum measured in UTC,

" letem| oz oeesien | ENEFQY & rangein RS and target
- (1T magnetic field parallel to beam)
; Y :'5' p ::"‘" A | .
e "o 0+ stops & decaysin RS — detect
: - v e . . . O'®I'® e chan
Upstream =] Layer 11 Downstraom | . .
"o » Photons vetoed hermetically in BV-
o BVL, RS, EC, CO, USPV, DSPV
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The measurement w/ E949 detector

 Incoming 700MeV/c beam K*:
Identified by ckov, WC, scint. hodoscope

(B4). Slowed down by BeO and AD

o K* stops & decays at rest in scintillating
fiber target — measure delay (2ns)

e Outgoing 0" : verified by IC, VC, T

T«p -
€0 / B4 \\\_%Target DPV
Al Drift Chamber
counter. Momentum measured in UTC,
energy & rangein RS and target

——— (1T magnetic field parallel to beam)

* 0" stops & decaysin RS — detect
0*® 1I"® e* chain

 Photons vetoed hermetically in BV -
BVL, RS, EC, CO, USPV, DSPV

K+Eiea mvh——/rk{..
B

Cc UuUpv

Barrel

Veto RSSC « New/upgraded elements

Range Stack  Target
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Previous (E787) results (1)

PNN1 PNN2
P, (MeV/c) [211,229] [140,195]
Years 1995-98 1996-97
Stopped K * 5.9 1012 1.7 102
Candidates 2 1
Background 0.1540.05 1.2240.24
BR(K*® &*i1) (157°:2)7 10" | <22710%0(90% CL)
'gm -
x 44 —
42 —
40 —
ag _ 1995-97
26 ; 1998
34 [ : Monte Carlo
32 —
30 —
EB:_...... o
90 100 110 120 130 1E4?MEJ]50 Eirst E949 results
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Previous (E787) results (2)

Candidate E787A Candidate E787C

&)
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What's new in E949?

* 108787 /£949 1995-2002 Dato Toking S
; g Summary
2500 | /
£ 2000 ~
4 2002 [F948 1988-B8/(E787)
E : | AY
§1EDD: Iu@"h A
» I N \‘fP
Drift Chamber ; 10001 /j /q@#?{’
7
L gt
500[——7 ; 7 -
& New/upgraded PV elements ‘é/
- o 2801 (F949 Engineering ), |
& More protons from AGS O 5 75 100 125 150 175 306

& |mproved tracking and energy resolution Saya frontbeginning of run

< Higher rate capability due to DAQ, electronics and trigger improvements

¢ Lower beam duty factor (spill time/ time between spills)

$ Lower proton energy

¢ Problematic separators, worse K/o ratio
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Photon Veto improvement

i

10’ .l

10

lotal Rejection I actor

~ 2 better rgection at nominal 103
PNN1 acceptance (80%) or

~ 5% more acceptance with E787 L
regjection ! 0.3 0.4 05 06 0.7 0809

Total Acceptance
* Good news for PNN2 aswell....
E/87, E949
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Analysis strategy (1)

« “Blind” analysis don’t examine signal region (“the box”) until all bg are
verified
e A priori identification of bg sources

» To avoid hias, tune cuts using randomly selected 1/3 of the data, then
measure bg with remaining 2/3

» Suppress each bg source w/ at least two independent cuts

» Bg cannot be reliably smulated P measure w/ data by inverting cuts and
measuring regjection

Suppresion method
Source Kinematics | Particle ID | Veto | Timing
Kt = ptv(y) (Ku2) Vv Vv (V)
Kt = atal (K,2) v/ Vv
Scattered 71 beam 4 sl
CEX v/ v

CEX=K™'n — Kop , KE S ati v
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Example: K*® 6'd' bg reection

L Ignl 1 L |1n|n| 1 L |1;nl 1 L |1|2ﬂ| L L 1m L 14n 21ﬂ 220
Eneray (MeV] Momentum (Mev/c)

Select events with photons, measure Select K*® 6*d' kinematically, measure
rgjection of kinematic cuts (P, R, E reection of photon veto
13 bOXH)
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Analysis strategy (2)

 Verify bg estimates & check for correlations by simultaneously
loosening both cuts and comparing observed and predicted
number of events remaining.

» Construct background functions by varying one cut at a time,
keeping the other inverted. Use them to estimate bg in the box.

» Use MC to measure geometrical acceptance, verify by
measuring BR(K*® 6*9')
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Expected bg

PV x KIN 10 » 10 | 20 = 20 | 20 x 50 | 50 = 50 | 50 x 100
Krz Orhserved 3 4 0 22 53
Predicted 1.1 4.9 12.4 41.1 62.4
TDx KIN 10 = 10 | 20 = 20 | 50 x 50 | 80 = 5O 120 x 50
Kz Observed 0 1 12 16 25
Pradicted 0.35 1.4 9.1 14.5 21.5
TDxKIN 10x 10 | 20x 20 | 50 x 20 [ 80 x 20 50 = 40
Kum Ohserved 1 1 4 5 11
Predicted 0.31 1.3 3.2 .2 10.4

K, : 3-body decaysw/ muons(K*® i*id, E'® &'i+i) and E*® &8, §*® i*i

TD :: O® I® eidentification

PV  :: Photon Veto

KIN :: kinematic cuts

M” N :: reduction in rejection w.r.t. predefined 1” 1 region by loosening the cuts - same increase in bg expected

Quantify consistency: Fit Nope = ¢Npred and expect ¢ = 1.

Background c ?{2 FProbability  TAtal han:kgrf_'r\\md TOtaI bg | n S' gn al r egl On
Koz 0.851012 0.17 0.216 4+ 0.023
=D +
Ko LA5TE2S 0.67 0.044 + 0.005 0.30% 0.03
B LA6T 0.40 0.024 + 0.010

Beam & CEX:\ 0.014 + 0.00
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E949 improved analysis strategy

« E787 bg estimation methods are reliable P confident to increase signal
region by loosening cuts to gain acceptance, at cost of more total bg

« Divide signal region into cells, calcul ate expected bg (b) and signal (s,) for
each cell using the background functions

« Calculate BR using s/b; of cells where event(s) are found, using likelihood
ratio method:

e (S+h)(s + h)di

waimze x=@x . x=_ 9
aximize = . , = ——
i=1 ehhdl

d,!

where d, the number of candidatesin cell |

n the total number of cells
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Likelihood ratio method

To calculate confidence levels:
» Poisson probability for sg+bg and for bg only:

i e-(Sﬁh)(S +bi)di

I:)s+ b = O
i=1

d!
A ehbdl
R,=0 '
ToE d!
» Sum over all configurationsthat give X £ X, o« (/€5 “signal-like”):
CI-s+b = I:)s+b(x £ Xobs) = é. I:)s+b
X({dDEX({d ops})
CL, = B(X £ Xgp) = é R,
X({dDEX({d,ons})
- . . CL..,
 Modified Frequentist confidence level: CL, = cL
b
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Opening the box

E 4

v

o H
r g
Opening the boc| 8

Renge {rm| o= Energy (MeV') Al

far EMO data sfter oll ather o
cuts gpped

Salid line swowe simal sk,
Single candidate fonnd,

Closter near 110 MeY i

vt IO

W

& @ m
T fied

fi

L

TINE
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Evaluation of the candidate

How likely is it that the candidate is due to known background?

o If there are 100 identical experiments, then 7 of them will have a
candidate from a known bg source, that is as signal-like or more than
our candidate.

 The sum of expected bg eventsin all cellswith s/b, ® to the one the
event was found, 1s0.077. The probability that they could produce one

or more eventsis 0.074 (~ 7/100) ° 1-CL,

The E949 candidate is more likely to be due
to bg (“ dirtier” ) than the E787 candidates...

Candidate ET8TA E787C  EO49A
Probability — 0.006 0.02 0.07
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Combined result

-y
[=2]

E787f‘;E949 {3 E787 199598

A E949 2002

Range (cm)
B

BR(K® ® p*nin)=(147"22)" 10'°

i =9
[p%]

: (68% CL interval)
E787 resullt:
+ b\ +175 \ 7 -10
BR(K"® p'nn)=(157;) 10
E787 E949
y Stopped K+ (Ng ) 5.9 x 1012 1.8 x 102
A Bl o SRR WL - Total Acceptance 0.0020 # 0.0002 | 0.0022 4+ 0.0002
100 110 120 130 140 150 | ; \ A—10 ¢ {1y
S.E.S. 8 x 2.6 >
Energy (MeV) S.E.S 0.8 x 10 6 =< 10
Total Background 0.14 £ 0.05 0.30 £ 0.03
Candidate E787A | E787C E949A
S?; J.-’r bi 50 7 0.9
W; = 524 0.98 0.88 0.48
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Some mor e details...

. BD p

B(K+ — a+tuw) > 0.42 x 101V at 90% CL. ™ L
B(K+ — ntup) < 3.22 x 1019 at 90% CL. 3 Central value b.r.

50 f

w b

0.0055 < |V | < 0.0271 n

2 F

0 |

v’ The probahility that known bg sources ° BRI 78 s
give aconfiguration of 3 events as 1 ET -

ne E o

signal-likeasthe 2 E787 + 1EQ4Q  2F 7 T

E o
D6 B 1

events or more, 1Is0.001 :
(compare to 0.077 for E949 alone) =

Claw. br.

? Centrd value, although smaller, isstill ~2° SM
but consistent within errors...
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Effect on unitarity triangle

Thanksto Gino Isidori

)
i
i
16 I-l.-i az

Without constraints that depend on
Limits from measurements of: B, mixing
BR(K*-0%ii) : ------- central value

-+ == 68% interval

— 90% interval

dg

IV uol/ [V el

sin2a } Depend on
Aly AlgIAT, By mixing

Combined all but K*- 8"ii (68%, 90%, 95%) _
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Progress & future prospects

i)
&
:I
=
i3

Yy
s}

LIFSLITEN ISV T T T FFL T ITE LTSN FTELTRLTRLITR

mits;

g Ratis (K —

Branehin

| E787 1988 m

E?E? 1995 |
E'.-'EI? {

=787 ;a.c._g-. .

= petinss ""Ef:?’a?"’f'g'ét} o T

E2

*""JSEE

FO.E6 x 107" |

1970 1873 1880 1BBS

1890 1983 2000 Zﬂﬂﬁ .i-ﬂ1l:|

E949(02) = combined ET87& E949.

E949 projection with full running period.

Year

Narrowing of SM prediction assumes
better measurement of B mixing

consistent w/ SM

v Obvioudly, more statistics are

needed! ® more E949 running
would be desirable

v Analysis on PNN2 data (phase
space below the K*® 670" peak)
currently in progress
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PNN2 analysis (1)

© More phase space than PNN1
& Probes different part of P, spectrum ® enhance validity of PNN1 result

¢ More background, scales the same as signal

e B4

=

Arbitrary Units
2 R
ﬁ .

T
v
|/ I| r’;&%

0] 20 100 120 200 250 300
Mormentum (MeV /c)

-
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PNN2 analysis (2)

Main bg mechanism: K*® 6*0' with 0* scatter in target b
e Simultaneous shift in range AND momentum

» Photons head near beam direction, the weakest PV

region of the detector

Gammal

Pi+

& FIBER TARGET

Kaon Hit Fibers

R {cm)

10

-
range
tail

Kaz peok i

|
120 140 160 180

] |
200 220 240 260 280
P (MeV/c)
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l'otal Rejection Factor

PNN2 analysis (3)

e Goal: sengitivity equal to PNN1, sb=1P
2~ acceptanceand 5° rgection
 Improved PV: new detectors at small angles

* Improved algorithms to identify 6* scattersin target

T ————— =1

[
BeO / B4 \\ Target ppy
A Drift Chamher
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Conclusions

« E787 upgrade into E949 worked as expected

* OneK” ® p'nn candidate event observed, bringing the
BRtoBR(K' ® p'nit) =(147:X)" 10, which is till
consistent with the SM

« Additional running needed for more influencial results

 PNN2 analysisis under way
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Extras
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Analysis strategy (2)

e Bg cannot be reliably smulated P measure w/ data by inverting
cuts and measuring reection

= if cutl,cut2
o B 0 uncorrelated,
A/B=C/D
signol region—A| C A=BC/D
cut?
Bl D Bl D
A C A C
invert cut apply cut2
B+D events B eventa
B D B D bg = B/(R-1)
= BC/D
Al C Al C
invert cut2 apply cut1
C+D events R = {C+D)/C
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Analysis strategy (3)

 Verify bg estimates & check for correlations by simultaneously
loosening both cuts and comparing observed and predicted
number of events remaining. Construct background functions by
varying one cut at a time, keeping the other inverted.

5
o
bg = BC/D B D
gignal region — A C
cut
predict 1
bg' = BC/D' = BC/D % B n
o
mask out box 49
and observe el N
e c
cutside—the—box region .

log scale —>  First E949 results
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[he E949 detector

m""m AN AN NN -
\% \\ é§§%§/ -

First E949 results
[lektra A. Christidi




cale

Arbitrary s

Delayed coincidence

K*—=>u'v events |

1 E_ i T

" beam events

il

10 0 0 20 30 a0 80 80
Apparent K* decay time (ns)
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O'® 1'® et identification

Upstream : Layer # Downstream |
I '
_:3.‘ [ Ly
kY * A
= T 3 g & g B
Upstream = Layer 13 Downstream
F E . E,=4.1MeV,R, ~1mm,

T8 a_g @ —i % T s e ® '}‘_u 66 :26 NS

] meE ] e 53MeV,0,=221s

& i
5 F Ll i [y
! ¥
'] 'Ei_m & B ‘::_u
Upstream = Layer 11 Downstream
Ly g
e @ W & = H— 3 B € & &
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oy MC for Junk code

BR dependence on s/b of cell where event is found:

4
- " |
=5 [ 84%0 upper c.l. |
- central value : .
C o o |
s 84%0 lower c.l. | _____,_,__,.f"
- -
- S
2.5 B R ;
z [
E :
r : e .
- : '_,__.»w"""_"
M) | st S S R R R R S S S S
1 = | e
i T
o.5 :
C I | 1
0
107 % 10" 1 10

2002 Sig/Bkg
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Pulse fitting in stopping counter

Residual

Tan = IPIFLG O KPIFLG 100 DT 2.13
120 = Trmuav 6.15 Emut 150.68
= Prod 3.5 Elast 22.48
. 5 Crmupi 2.35, 1.57
S0 — ‘.:‘
. R Cmuend 39.25, 96.5
. R US probs 0.21 0.980
20 3 Teelh DS probs O 0.0B80
o 3 .-.-!--2.'0-.-.---*!4:{-1'-'“ = 50 20 100 1%0 1do
End 1 (RAW) e
= =1
---------------- 0 =
120 B
| s T T — m
- Epion 918.19, 6/7/7.9
mnl = Emuon 105.01, 216.12
80 —-
3 Tpion £.435, 6.97
& Trhmuen 7.2, 5.09
o Ped(single) .56, 5.51
1 Ped(double) 3.93, 4.88
20 =
: s § -_-‘:l = m -'-;"-‘1--‘:-"-_-' ______
5 L L T

Zo 40 60 80 100 ;?q 1do0
End 2 (RAW)
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Another view of the event
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Effect of systematicson BR

‘*-.

Combined (E787 & E949) 84% upper and lower limits and central value of
BR for single simulated events in the 2002 data set, with variations of the
assumed Kp2 bg component of £30%
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